Aratus pisonii is one of the most common crab species in Neotropical mangroves. It shows great plasticity in its life history traits, which makes it an interesting subject for comparative studies. This study evaluated the morphometric variability in five populations of A. pisonii inhabiting mangroves with different degrees of structural development under contrasting environmental conditions. Mangrove forests located on the northwest coast of Venezuela were studied during the rainy season in 2006. The results showed morphometric differences and interaction between sampling sites and sex (PER-MANOVA, P=0.0001), as well as the presence of five morphological groups in males and four in females. The findings support the existence of sexual dimorphism. Females from the dwarf hypersaline mangrove showed a wide variability associated with the chelipeds. The differences in crab morphology between sites seem to be related to a combination of environmental factors that is unique for each habitat, leading to the formation of different morphological groups, in which the mangrove structural development (resource availability) and salinity (which compromises the energy budget) play an important role. The presence of more robust chelipeds in females from the dwarf hypersaline mangrove seems to reflect an adaptation to the biomechanical properties of the leaves (sclerophylly).
INTRODUCTION
The sesarmid crab Aratus pisonii (H. Milne Edwards, 1837 ) is one of the most common species in Neotropical mangroves (Hartnoll 1965) . It is a treeliving crab and its diet is based mainly on mangrove leaves, although it can occasionally use other resources present in the environment (algae, insects, molluscs, nematodes, foraminifera and sea-grasses) (Díaz and Conde 1988 , Erickson et al. 2003 , López and Conde 2013 . This species lives in a wide variety of habitats, including river mouths and estuarine, marine and hypersaline environments, where it can be found associated with several species of mangroves, such as Rhizophora mangle, Avicennia germinans, A. schaueriana, Laguncularia racemosa and Pelliceria rhizophorae (Conde 1990, Feller and Chamberlain 2007) . Conde and Díaz (1992) found that the relative size at onset of maturity (RSOM) of Aratus pisonii differs significantly between ecologically dissimilar locations along the Venezuelan coast, though this parameter has been considered as a constant characteristic within the crustacean group (Charnov 1990) . Individuals of populations living in shrub and dwarf mangroves located in hypersaline lagoons are reduced in size and differ significantly from individuals of populations found in arboreal mangroves, especially those located in estuaries and river mouths, where ovigerous females have been found with sizes three times larger than those living in arbustive or dwarf mangroves (Conde and Díaz 1989a, b, Conde 1990) . These results have shown a great plasticity in some features of A. pisonii's life history. However, these studies only took into account the carapace width, and it is unknown how other morphological measurements, such as those related to chelipeds, abdomen and body height, respond to variations in habitat conditions. Conde and Díaz (1989a) suggest a conceptual model in order to explain this broad phenotypic plasticity that is mainly observed in the size of the crab, proposing that it may be due to a response to the particular conditions of the habitat, particularly the productivity of the mangroves (Conde and Díaz 1989a . Other studies have confirmed the broad plasticity of this species, associating it with the structural development of mangroves (Negreiros-Fransozo 2002) . Recent studies confirm that the variety of resources consumed by A. pisonii is closely related to the structural development of the mangroves where they live (López and Conde 2013) . Moreover, it has been found that the reproductive performance of this species responds to a gradient of structural complexity of the mangroves, and that fertility and the weight of the egg mass are correlated equally with the size of the crab, as well as with the environmental variables (salinity and structural development of the mangrove) (López-Sánchez and Quintero-Torres 2015) .
The use of multivariate methods is recommended for the analysis of morphological features, because every organism is essentially multi-dimensional. Morphometric studies based on multivariate tests have been carried out in decapod crustaceans for a variety of purposes, e.g. to study growth patterns and to determine sexual maturity (Grandjean et al. 1997 , Muiño et al. 1999 , Sampedro et al. 1999 , Fernandez-Vergaz et al. 2000 , as well as to study interpopulation (García-Dávila et al. 2005) and intrapopulation variations in the same habitat (Maynou and Sardà 1997, Bas and Sardà 1998) or between habitats (Anastasiadou and Leonardos 2008 , Contreras et al. 2013 , Deli et al. 2014 . Body shape is the main phenotypical component in an organism, and may affect other traits, such as feeding efficiency, locomotion, predation susceptibility and reproductive success (Guill et al. 2003) . These features are partially determined by genes and strongly influenced by environmental conditions (Cabral et al. 2003) . A change in the species phenotype caused by environmental conditions (phenotypic plasticity) can provide better tolerance conditions for this species (Via et al. 1995) . Therefore, variation in body shape may be due to the influence of environmental factors, which is interpreted as an important adaptive strategy to changing or stressful environmental patterns (Trussell and Smith 2000) .
Given the proven high plasticity of Aratus pisonii in its life history features, this study aims to assess the potential morphological variation in populations of the crab inhabiting mangroves with varying degrees of structural development located in different environments (estuarine, marine and hypersaline), by using traditional morphometric analysis and multivariate methods.
MATERIALS AND METHODS

Study area
Five mangrove forests with different grades of structural development were studied on the northwest coast of Venezuela (Falcón State). Four of these mangroves are located in Paraguaná Peninsula and one mangrove is on the continent, on the Ricoa River mouth (Fig. 1) . These mangroves make up a gradient of structural complexity characterized by a progressive decrease in their basal area and trunk height that corresponds to salinity changes: from estuarine arboreal (EA-BR), marine arboreal (MA-TIM), hypersaline arboreal (HA-TIB), hypersaline arbustive (HAr-TIA) to hypersaline dwarf mangroves (HD-TAC) (López 2010 , López et al. 2011 . The predominant mangrove species in this system is Rhizophora mangle, with the exception of the estuarine mangrove, which is dominated by the white mangrove Laguncularia racemosa (L.). The River Ricoa shows two annual rainfall pulses (Fig. 1) , while in Paraguaná Peninsula, where rainfall is the only source of freshwater for the mangroves, there is only a short rainy period that usually last from October to November, in a predominantly dry climate with a long period of drought (Conde 1990 ); the rainfall is the only source of freshwater for the mangroves of the Paraguaná Peninsula. For more details about this study area, see López et al. (2011) and López-Sánchez and Quintero-Torres (2015) .
Sampling
Adult crabs (which could be sexed by the naked eye) were hand-collected from September to November (rainy season) 2006 at the five sampling sites mentioned above. Captured crabs were enclosed immediately in individual labelled plastic bags, and frozen to be further transported to the laboratory. Only specimens with complete chelipeds and without signs of autotomy were considered for analysis.
Morphometric measurements of Aratus pisonii
Each specimen was measured using a vernier caliper. Ten body measurements were considered ( 
Statistical analysis
The allometric equation Y=aX b was employed to remove the effect of crab size (CW1, X) on each measured variable (Y) (Tzeng 2004) . For each of the five crab populations, allometric regressions were performed for the nine body dimensions (CL, HB, CW2, AW, AL, RLCh, RHCh, LLCh, LHCh) vs CW1. A consistent positive allometry between variables and CW1 arose in the different populations analysed for each sex. All variables were standardized through equation Yi*=Yi(Xm/Xi) b , where Yi* is the morphometric standardized measure in the i th specimen, Yi is the morphometric non-standardized measure in the i th specimen, Xi is the measure of maximum carapace width in the i th specimen, Xm is the mean maximum carapace width for each sampling site and sex, and b is the standardized parameter obtained from the allometric equation (Anastasiadou and Leonardos 2008, Deli et al. 2014) .
The standardized morphometric measures were averaged (±se) for each sampling site and sex. A twoway analysis of variance (sites and sex) based on permutations (PERMANOVA)-from Euclidean distance matrix-and a posteriori test of multiple comparisons (pairwise comparisons) was carried out to evaluate differences between all pair levels of each factor (Anderson 2001).
The CW1 variable was excluded from all multivariate analyses. A non-metric multi-dimensional scaling (nMDS) was employed, set with 250 restarts, to visualize patterns of dispersion in the multivariate ordination of samples. Two-way multivariate PERMANOVA was conducted to test whether there were differences and significant multivariate interaction between factors (sites and sex). PERMDISP was run to test the homogeneity of the multivariate dispersion of data. Components of variation (sum of squares of the fixed effects divided by appropriate degrees of freedom) for each term in the model of PERMANOVA were estimated as a measure of the magnitude effect (Anderson et al. 2008) .
In addition, a canonical analysis of principal coordinates (CAP) for each sex was conducted to maximize the differences in the multivariate space, and to search for the combination of variables that best separated the different groups (sites) set a priori; the significance of discrimination was obtained through the trace statistic (tr(Q_m'HQ_m)) (Anderson and Willis 2003, Anderson et al. 2008) . Finally, degree of dissimilarity between discriminated crab populations from the CAP, and the contribution (%) of each variable to the dissimilarity among sites was determined with a SIM-PER. The P values of all analyses were obtained from 9999 permutations, using PRIMER 6.1.13 and PER-MANOVA 1.0.3 software Gorley 2006, Anderson et al. 2008) .
RESULTS
A total of 515 specimens, 257 males and 258 females, were collected and measured. CW1 of males ranged from 10.96 mm in HD-TAC to 27.14 mm in EA-BR. For females it ranged from 11.31 mm in HD- More specifically, the differences between males and females did not show a consistent pattern across sampling sites; males were larger than females (CL) at only two sampling sites (HA-TIB, HAr-TIA), while at the other sites there were no differences between sexes (EA-BR, HD-TAC) or females showed higher values (MA-TIM). Males showed a greater height and length of both chelipeds (right and left) than females at all sites (Table 1) .
Multivariate PERMANOVA results showed a significant interaction between sites and sex (PER-MANOVA, pseudo-F 4,505 =70.16, P=0.0001). The sampling site made the greatest contribution to components of variation (36%) f ollowed by sex (31%) ( Table 2) , clearly showing the existence of sexual dimorphism in Aratus pisonii. This finding supports the suggestion that female and male crabs should be considered independently for further analyses. On the other hand, PERMDISP analyses indicated that the multivariate dispersion of samples was significant for the sampling site and the interaction (PERMDISP, F 9,505 =13, P=0.0001) ( Table 2) . Therefore, PERMANOVA results should be treated with caution since this analysis is sensitive to differences in multivariate dispersion between groups (Anderson et al. 2008) . However, in the ordination of the samples by nMDS analyses, although there was an effect in the multivariate dispersion of the samples, there was also an effect of the sampling site. First, female crabs form a distinct group from male crabs, except in HD-TAC, where there was overlap between sexes. Second, both sexes tend to separate from each other depending on the sampling site. Females of arboreal mangroves (BR, TIM, TIB) are closer to each other and set apart from those of arbustive and dwarf mangroves, which do not differ among themselves. Males are arranged similarly to females (Fig. 3) .
The CAP ordination in males was obtained from six main axes of coordinates (m) and three for females, which explain 98.3% and 96.0% (respectively) of the total variation. Four parameters (CL, AL, RLCh, LLCh) were important for discriminating among female groups and allowed individuals to be correctly assigned in 88.37% of the cases (228/258). In males, however only three variables (CL, AL and HB) were important and allowed correct classification in 95.72% of the cases (246/247). Cross-validation of CAP shows that males of HD-TAC were correctly classified in 100% of the cases, followed by EA-BR (98.04%) and MA-TIM (97.44%), while for hypersaline mangroves of Tiraya Lagoon (HA-TIB and HAr-TIA) successes were above 90%. Alternatively, females of HA-TIB were 100% correctly classified, followed by HAr-TIA and MA-TIM (>90%), while the greatest missclassification errors occurred in EA-BR and HD-TAC (Table 3 ). The strength of the association (canonical correlation) between the multivariate ordination with the hypothesis of differences among sampling sites of the first two canonical axes was 0.98 (CAP1) and 0.72 (CAP2) in the male ordination (Fig. 4A ) and 0.98 (CAP1) and 0.54 (CAP2) in the female ordination (Fig.  4B) . Finally, the trace statistic showed that the differences among centroids (of sampling sites) in the multivariate space were significant for males and females ((tr (Q_m'HQ_m)=1.60 ♂♂ and 1.35 ♀♀; P=0.0001). SIMPER results complement those obtained with the CAP (Table 4 ). The greatest dissimilarities (>50) were found between crabs from arboreal mangroves (EA-BR, HA-TIB) and crabs from HD-TAC; male crab populations in the remaining mangroves showed lower values of dissimilarity (±40). In females the greatest distances (>50) also appeared between the crabs inhabiting arboreal mangrove forest (EA-BR, MA-TIM) and crabs living in hypersaline mangroves with less structural development (HAr-TIA, HD-TAC). Female crab populations in the remaining mangroves showed lower values of dissimilarity (<30). Morphometric variables that contributed to these dissimilarities were those related to carapace size (CL), abdomen size (AL, AW) and length of chelipeds (RLCh, LLCh) in both genders. Only in males did HB also contribute to these differences, although with a smaller impact than the other variables.
DISCUSSION
The present study tests the hypothesis that Aratus pisonii populations living in five mangrove forests with different environmental characteristics and structural development are separated according to differences in body morphology. The results of the multivariate analysis show males forming five clusters, suggesting five morphological groups in five evaluated populations; on the other hand, females comprise four groups in five examined populations and show a greater proximity between them. The findings support the existence of sexual dimorphism. The length of the carapace and abdomen in both sexes were the characters that most contributed to the discrimination between sites. Only in males, was HB a character that provided separation between sites, although with less importance. Cheliped morphology in females also contributed to the separation between sites: particularly females from HD-TAC showed a wide variability associated with the length and height of the chelipeds. Male and female body size decreases as both, the mangrove structural development diminishes and soil salinity increases, in consonance with a greater contribution of the site factor for the variation components. However, the interaction between site and sex indicates an independent behaviour for males and females, which seems to be governed by the characteristics of each particular habitat. Separate analysis of the sexes revealed that there are significant differences in response to habitat conditions for each of them. Males and females did not differ in body size in three of the five mangroves; males reached a larger size at only two sites (both under hypersaline conditions), indicating sexual dimorphism in body size for these localities. This finding suggests a variable response of each sex to the particular habitat conditions, showing a wide plasticity in this morphometric measure. However, the sexual dimorphism of chelipeds remains constant at all sites. Coastal heterogeneous environments can have a significant influence on phenotypic expression in crustaceans (Overton 1999) .
It has been observed in studies carried out on mangroves in Latin America (Venezuela and Brazil) that the sexual dimorphism in body size (CW1) varies by location; in some cases males reach greater size than females (Warner 1967 , Conde and Díaz 1989a , b, Leme et al. 2014 , while in others there is no difference in size between the sexes , Nicolau and Oshiro 2002 . A differential growth rate could explain the observed differences in size, as was suggested by Warner (1967) in Jamaica, and Díaz and Conde (1989) in Venezuela, outlining that females probably invest a significant amount of energy for reproductive purposes in concordance with a longer intermoult time, which slows down their growth in comparison with males. On the other hand, greater availability of resources observed in mangroves with higher structural development (López and Conde 2013) , combined with a more stable environment, a constant supply of fresh water in estuarine mangroves (López 2010) and stable salinity in marine mangroves should contribute to a constant investment of energy for growth and reproduction in both sexes, thereby diluting the sexual dimorphism in size at these localities. The behaviour of the hepatopancreas reserves in the study area supports the above hypothesis, remaining stable between seasons (wet vs dry) in estuarine and marine crabs, and suggesting a compensation of hepatopancreas reserves as a result of food consumed (López 2010) ; a situation evidenced in other marine decapod crustaceans (Kennish 1997, Rosa and Nunes 2003) . In hypersaline mangroves with little structural development and a lower variety of resources (TIB, TIA, TAC), hepatopancreas reserves suffered a decline during the rainy months coinciding with the period of greatest reproductive activity (López 2010) . In hypersaline mangroves there seems to exist a compromise between growing or reproducing: the energy invested for growth could be limited by its use in maintenance (osmoregulation, respiration and temperature control). A compromise in the allocation of energy directed to growth or reproduction has been observed in other mangrove sesarmids when they live in waters with high salinity (48-65), so that the energy gained through the consumption of food is directed towards excretion (osmoregulation) and breathing, negatively affecting the investment in growth or reproduction (Gillikin et al. 2004) . Nevertheless, the absence of dimorphism in crabs from the hypersaline mangrove with less structural development (TAC) is paradoxical, although it can be interpreted as if both sexes are so severely affected by habitat conditions that they are equally affected with restrained investment in growth.
Females formed only four morphological groups from five studied populations, showing an overlap in mangrove habitats with less structural development and increased salinity (TIA and TAC). However, these groups of females showed differences in cheliped morphology, displaying greater strength (larger height and length) in the dwarf hypersaline mangrove (TAC). Decapod chelipeds are a good example of a multifunctional organ, whose main uses include taking food and having interactions with conspecifics for food or partners (in males) (Lee and Seed 1992) . The significance of the observed differences in cheliped morphology in females could be related to food, particularly in the biomechanical properties of the leaves of mangroves in each habitat, which could affect the functionality of this appendix when handling more leathery or sclerophyllous leaves (Smith and Palmer 1994 (López 2010 ). An effect of the dietary manipulation on the size and strength of the chelipeds has been found in the crab Cancer productus, showing that its morphology is related to differential use in handling prey with different consistency during the individual's growth, affecting the size and performance of the appendix (Smith and Palmer 1994) . Females from HD-TAC appear to be subjected to higher nutritional requirements than males due to the high energy demand in egg production and the low quality of the food (leaves) found in this place (Conde et al. 1995) . It has been documented that crustacean females invest a large proportion of their energy in reproductive activities (gametogenesis), unlike the males, in which the investment of energy in sperm production is relatively insignificant (Macintosh 1984 , Kyomo 1988 . In previous studies cannibalism involving the consumption of eggs of their fellows has been mentioned, especially in females from HD-TAC (López and Conde 2013) . Moreover, the C:N relationship in hepatopancreas reserves was significantly lower, showing an inferior food quality in this locality (López 2010) . The above findings support the idea that the female population is subjected to harsher environmental conditions.
The plasticity of the structures used for feeding should be favoured when a) the strength of the resource or prey in the diet varies on a space-time scale, b) the phenotypic response directly correlates to the success in obtaining food, and c) there is a low cost associated with plasticity in the fitness of the individual (Stearns 1989) . In our study area we observed in previous studies a variation in the characteristics of the leaves (polyphenols, C:N) both spatially, in gradient structural development of mangroves (Conde et al. 1995 , López 2010 , and according to the season, drought or rain (Rondón and Conde unpublished data). Therefore, it is proposed that the presence of females with more robust chelae is related to an increase in the difficulty of manipulation (scraping, cutting) of stronger sclerophyllous leaves (>polyphenols and C:N), providing better tolerance to environmental conditions. This is interpreted as an important adaptive strategy to a changing or stressful environment, as has been observed in other marine crustaceans (Via et al. 1995, Trussell and Smith 2000) . However, manipulation experiments under controlled conditions must be carried out to confirm this statement.
Morphological features are affected by both genetic and environmental factors (Murta 2000) , so morphological variation may reflect genetic differences between populations and/or environmental differences between localities (Tzeng 2004 ). The differences found between populations of A. pisonii are not surprising, considering the plasticity that this species has shown in previous studies (Conde et al. 2000 , Conde and Díaz 1989a , Negreiros-Fransozo 2002 . Like other mangrove crustaceans, A. pisonii has a planktonic larval phase (Warner 1967 , Díaz and Bevilacqua 1986 , 1987 . During larval dispersal at sea a high gene flow can be expected between different populations, hindering the isolation of subpopulations that would promote a change in their genetic makeup (Conde 1990 ) and supporting the hypothesis of a post-settlement response of larvae as a result of specific environmental conditions in each mangrove (phenotypic plasticity). Previous population transplantation experiments conducted in the mangroves under study support this hypothesis (Conde and Díaz 1989a ). However, it is possible that in some locations (e.g. HD-TAC, which is situated near the Paraguaná Refining Centre) larval retention occurs due to potential barriers (industrial pollution, changing sea-current patterns) (Ramos et al. 2012) , which could lead to local higher retention rates of larvae, promoting a long-term degree of reproductive isolation.
Our results suggest that the difference in crab morphology between sites is related to a particular combination of environmental factors in each habitat, leading to the formation of morphological groups in five males and four females, in which the structural development of the mangrove (representing the availability of resources and salinity, which compromise the energy budget and affect the quality of mangrove leaves) play an important role. In addition, females respond differentially to males to these conditions: the presence of more robust chelipeds in females in the HD-TAC than in females in similar environmental conditions (e.g. HArM-TIA) seems to reflect an adaptation to the biomechanical properties of the leaves, in which the manipulation of those with a higher grade of sclerophylly could be affecting the functionality of this appendix.
